1. Introduction {#sec1}
===============

Bacterial contamination of common surfaces and drinking water has been traditionally the main infection routes for transmission of serious diseases, often leading to mortality. The most relevant example of surface contamination is healthcare-associated infections (HAI), which occur in hospitalized environments. These HAIs are generally transmitted through contaminated surgical tools, medical devices, and improper active disinfection. Specifically, the probability of infection in hospitalized patients is 7--10% in developing countries, while in intensive care units, this probability rises to 30%, even in high-income countries.^[@ref1]^ Additionally, recent research is pointing out that there is growing antibiotic resistance of pathogens in hospitalized patients.^[@ref2]−[@ref4]^ Methicillin-resistant *Staphylococcus aureus* is a characteristic example because its treatment is still a significant challenge worldwide.^[@ref5]−[@ref8]^ Using smart antibacterial materials in hospitals could halt the transmission of such pathogens.

Bacterial contamination of drinking water is a result of insufficient sanitation throughout the world, more pronounced in Southeast Asian and African countries. It is expected to become worse in the future because of the global increase of water scarcity. Approximately two-thirds of the global population encounters severe water crisis at least for one month a year.^[@ref9]^ Additionally, 30% of the population does not have easy access to clean drinking water and 20% of deaths among younger than five-year old children is due to water-related diseases.^[@ref10]^ The gravity of this situation requires low-cost solutions to disinfect water, while ensuring the minimum use of chemicals to protect health and the environment.

A logical strategy to combat bacterial contamination on surfaces passively is to fabricate surfaces which minimize bacterial adhesion through appropriate micro/nanoengineering and surface chemical treatment (anti-biofouling approach).^[@ref11],[@ref12]^ Such surfaces are capable of passive self-cleaning, the most popular example found in nature being the Lotus leaf.^[@ref13]−[@ref15]^ They can be superhydrophobic, exhibiting static water contact angles greater than 150° and contact angle hysteresis (CAH) less than 10°. The disadvantage of such surfaces is that, although they ensure low adhesion of various liquid and solid substances, they are not designed to kill bacteria and they will likely show contamination with time and require periodic cleaning or replacement.

An alternative approach is to employ materials that can cause the death of bacteria (bactericidal approach). Here, either direct contact with bacteria is needed or the activation of a reactive oxygen species (ROS) reaction. These ROS can be efficiently transported through the water medium, reaching the bacteria in close proximity with the substrate, and killing them.^[@ref16]−[@ref18]^ An example of naturally occurring bactericidal surfaces, featuring contact mechanical killing through impalement on the surface nanostructures, is the cicada wings.^[@ref19]^ However, in this type of surfaces, unless the dead bacteria are washed off naturally or artificially, they will stay adhered to the surface, gradually forming a fouling layer detrimental to surface performance.

Here, we explore zinc oxide, a common semiconducting material, which is both antibacterial and cytocompatible.^[@ref20],[@ref21]^ Different theories have been proposed to explain its intrinsic antibacterial properties arising from molecular mechanisms such as the generation of Zn ions,^[@ref22]^ the generation of ROS,^[@ref21]^ and the inhibition of other metal ions that are of vital importance for bacteria.^[@ref23]^ There is still ongoing research to fully understand ZnO interactions with bacteria.^[@ref24],[@ref25]^

In addition to its bactericidal property, a ZnO surface can also be nanostructured by using chemical etching, similar to other metals such as copper and aluminium,^[@ref26]^ which can enhance its antimicrobial properties.^[@ref20],[@ref21],[@ref27]^ Chemical etching is easily scalable^[@ref28]^ similar to other approaches for surface structuring of metals such as anodization,^[@ref29]^ coating application by spray^[@ref30]^ or immersion,^[@ref31]^ and laser-based methods.^[@ref32]^ However, it typically requires using hazardous chemicals such as strong acids and carcinogenic solvents, while a subsequent surface coating is also needed, typically involving the use of biopersistent polymers.^[@ref33],[@ref34]^ A few approaches using hot water baths to create nanostructures directly on metals have been reported.^[@ref35]−[@ref37]^ However, the requirement of subsequent deposition of a hydrophobic layer (often requiring flammable or toxic solvents^[@ref38]^) compromises the sustainability of these materials. Alternative green fabrication approaches that have been proposed apply liquid-repellent coatings on metallic surfaces by spraying water-based, nanocomposite dispersions.^[@ref30],[@ref39],[@ref40]^ This approach, however, produces a coating of several microns thick, with an inherent micro/nanotopography, which fully covers the metallic substrate texture.

In addition to passive antibacterial methods involving low bacterial adhesion or bactericidal action, there are also some semi-passive methods against bacterial contamination, activated by an external stimulus (*e.g.,* light). Solar water disinfection (SODIS) is an efficient process to disinfect water because waterborne pathogens are inactivated when exposed to sunlight.^[@ref41]^ UVA rays play an important role in the formation of ROS in water, which damage the DNA of the microbes and inactivate them.^[@ref42]^ Increasing temperature of water because of sunlight also contributes to the failure of DNA repair mechanism of pathogens. The effectiveness of this process depends on the intensity and absorption of the sunlight. Hence, containers of contaminated water need to be transparent and exposed to sunlight for 6--48 h for disinfection.^[@ref41],[@ref43]^ As a result, this approach is severely limited during cloudy weather and cannot be effective during night.

Here, we demonstrate that nanostructured ZnO surfaces, fabricated by a fully water-based protocol, present scalable and customized pathways to tackle bacterial contamination of surfaces and drinking water. When used as is, ZnO nanostructures demonstrate significantly enhanced bactericidal action, both on the surface itself as well as remotely, and most importantly, in the absence of sunlight. Subsequently, we show that nanostructured ZnO is able to disinfect contaminated water while easily satisfying the strict legal limits on zinc ion concentration. Next, using the same ZnO nanostructures and adding a second hydrophobization step, also fully water-based, we obtain superhydrophobic, self-cleaning surfaces with minimal bacterial adhesion, which can potentially mitigate bacterial contamination. The hydrophobization is achieved either by deposition of a highly conformal, biodegradable, and water-soluble fluoroalkylsilane (FAS) or ethanol-soluble stearic acid (SA). We characterize quantitatively all the aforementioned surfaces with respect to bactericidal and self-cleaning properties. The resulting impressive and tunable antibacterial behavior, combined with its inherently "green" and scalable fabrication method, could render these materials to be excellent candidates in sustainable antibacterial and water purification applications.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Thick zinc sheets (1 mm) of 99.9% purity were purchased from Klöckner & Co, Germany, and used as substrates. The FAS with the trademark "Dynasylan SIVO 121" was provided by Evonik, Germany. SA was purchased from Sigma-Aldrich. All solvents used were of analytical grade. All media and chemical reagents used for bacterial assays were purchased from Sigma-Aldrich (Buchs, Switzerland) and applied as received unless otherwise noted. Phosphate-buffered saline (PBS) at pH 7.4 was prepared as following: 8 g·L^--1^ NaCl, 0.2 g·L^--1^ KH~2~PO~4~, and 1.44 g·L^--1^ Na~2~PO~4~ in distilled water.

2.2. Sample Preparation and Nanostructuring {#sec2.2}
-------------------------------------------

Zinc samples were thoroughly cleaned with acetone and isopropyl alcohol using ultrasonic processing in order to minimize the presence of organic contaminants prior to fabrication. Subsequently, glass beakers filled with deionized water were heated using a hotplate until the temperature of the water reached 95 °C. At that point, the temperature was maintained fixed using a thermocouple and the zinc samples were placed inside the hot water. The exposure time of the samples inside the hot water varied from 30 min to 1 day, and the surface nanotexture was examined afterward.

2.3. Surface Hydrophobization with FAS {#sec2.3}
--------------------------------------

The nanostructured samples were hydrophobized by spraying water-based solutions with different FAS concentration. The spray was performed using a VL double action, internal mix, siphon feed airbrush (Paasche, USA). The spray distance was held constant at approximately 15 cm, and the air pressure was set at 300 kPa. The concentration of FAS in water varied from 0.5 to 10 wt %. The optimum concentration of FAS was found to be 1 wt %. The samples were sprayed in steps of 4 s each, with drying intervals of 10 s between each spray cycle in order to allow for sufficient time for the solvent (water) evaporation. During the spraying process, the samples were placed on a hotplate maintained at a constant temperature of 200 °C in order to facilitate water evaporation. Finally, before proceeding to any measurements, the samples were left to dry for 5 min at ambient conditions.

2.4. Surface Hydrophobization with Stearic Acid {#sec2.4}
-----------------------------------------------

As an alternative hydrophobization approach, the nanostructured samples were immersed for 6 min in ethanolic SA solutions. The concentrations of these solutions varied from 0.2 to 10 mM. The optimum concentration of SA was found to be 0.38 g/L. After the immersion, the SA-coated samples were left on a hotplate at 140 °C, markedly above the melting point of SA (69--71 °C), for 15 min in order to melt the SA and force it to conform to the nanostructured substrate topography.

2.5. Wetting Measurements {#sec2.5}
-------------------------

Static and dynamic contact angles on the surfaces were measured by a video-based optical contact angle measuring instrument OCA 35 Dataphysics, Germany. Deionized water drops (5 μL) were gently placed on the surfaces, and the static contact angles were measured. Advancing and receding angles were measured by dispensing and retracting liquid volume until a motion of the three-phase contact line was observed. The arithmetic value of the difference between the advancing and receding contact angles (RCAs) was reported as CAH. For all the aforementioned measurements, at least three independent measurements were conducted in different locations and the standard deviation was also calculated.

2.6. Scanning Electron Microscopy Measurements {#sec2.6}
----------------------------------------------

The morphology of the textured surfaces was characterized by a Hitachi SU8200, Japan. The FEI Quanta 600 ESEM equipped with a gaseous back scattered electron detector was used to study droplet nucleation and growth on the superhydrophobic surfaces. The sample temperature was controlled through a Peltier cooling stage (Emott AG). The samples were mounted using custom made copper stubs that allowed imaging at beam incidence angles of 45 and ∼87.5°. In order to minimize the beam heating effects, a beam voltage of 20 kV and a spot current of 0.16 nA were used and the viewing area was kept above 100 μm × 100 μm for all the experiments.^[@ref44]^ The cooling stage was set to 2 °C, and the chamber pressure was slowly increased until the onset of condensation, following which the chamber pressure was kept constant in the range of 0.7--0.8 kPa.

For studying the morphology of the bacteria located on the surface of the test samples, fixing of bacteria was carried out using Kanovsky-fixing solution \[100 mL contains 11 mL 4% paraformaldehyde (Sigma 30525), 49 mL DI water (60 °C preheated + 2--6 drops 1 M NaOH, till the solution is clear), 10 mL 2.5% glutaraldehyde (Sigma G5882), 45 mL 1× PBS, pH = 7.4\] followed by dehydration with ethanol (30 min in 50%, 30 min in 70%, 30 min in 80%, 60 min in 90%, and 60 min in 100%). After that, samples were placed in hexamethyldisilazane (HMDS, Sigma 440191)-filled wells and incubated for 30 min at room temperature. Post incubation, HMDS was removed with a pipette and samples were dried in blank wells at room temperature. Prior to scanning electron microscopy (SEM) imaging, coating of 5 nm of platinum was performed to avoid charging of the samples.

2.7. Self-Cleaning Experiments {#sec2.7}
------------------------------

The self-cleaning properties of the samples were evaluated by taking videos with artificial contaminants, in order to capture in detail the contamination removal upon drop-rolling motion on the surfaces. Sudan II (Sigma Aldrich) powder was spread all over the sample's surface to simulate the presence of a contaminant. The sample was then placed in an inclined position (\<5°), and water drops were carefully dispensed close to the surface of the sample in order to minimize the effect of drop impact on the surface.

2.8. Bacterial Viability Experiment {#sec2.8}
-----------------------------------

The antibacterial test was performed on four substrates: silicon, flat zinc, superhydrophilic nanostructured ZnO, and superhydrophobic nanostructured ZnO (SA coated). A 24-well plate was used, and sample size was 1 cm × 1 cm. *Escherichia coli* DSMZ 30083 preculture was prepared in 20 mL 30% TSB with 0.25% glucose and incubated overnight at 37 °C and 160 rpm. The pre-culture was diluted to optical density (O.D.) 600 nm of 0.1 and inoculated in 30% TSB with 0.25% glucose for 1.5 h at 37 °C and 160 rpm to obtain mid-exponentially growing cells, which were then diluted to O.D. 600 nm of 0.01 in 0.9% NaCl for following interaction experiments with the fabricated materials. This bacterial suspension (2 mL) was loaded onto the test surfaces at room temperature and incubated at 37 °C for 3 h without shaking. After incubation, the cell suspension was removed by aspirating the liquid and the tested samples were washed two times with 1 mL of 0.9% NaCl to remove the nonadhered cells. The suspension and the washing solution were combined and the mixture was evaluated by classical colony counting method.^[@ref45]^ From each dilution step of the bacterial suspension, 5 μL aliquots were pipetted onto one Plate-Count-Agar plate. Plates were incubated at 37 °C for 16 h. Colonies were counted, and the number of colony forming units (CFUs) per mL of the original sample was calculated. To release the adhered cells from the tested samples for viable cell quantification, the substrates were placed into a 50 mL Falcon tube containing 2.5 mL of PBS and sonicated for 5 min in an ultrasonication water--ice bath (Bransonic 52, Branson Ultrasonics SA, Carouge, Switzerland) at a frequency of 40 kHz and room temperature, followed by further vortexing for 15 s. The released bacterial cells from the surfaces were then analyzed by the classical colony counting method.^[@ref45]^

2.9. ROS Quantification {#sec2.9}
-----------------------

Flat zinc, superhydrophilic nanostructured ZnO, superhydrophobic nanostructured ZnO (SA coated), and superhydrophobic nanostructured ZnO (FAS coated) samples were placed in a 24-well plate in triplicates (*i.e.,* 3 from each sample); 2 mL of DI water was added to each well with the samples (flat zinc and nanostructured ZnO surface). In addition, 2 mL of DI water was added to three other wells with no samples, which were used as controls; 100 μL of 10 μM Dihydrorhodamine 123 (DHR123, Sigma Aldrich) was added to the wells in dark condition. Then, immediately, the fluorescence reading (using Synergy H1 multimode microplate reader) at zero time point was taken from each well. After that, the well plate was wrapped with aluminium foil and kept in dark. Subsequently, the fluorescence readings of all the substrates including the blank wells were obtained at 0.5, 1, 3, 8, and 24 h.

Zn^2+^ ion concentration in PBS medium was quantified using high-resolution ICP--MS (Thermo Fisher Scientific) instrument. A standard zinc solution (1 ppb, Thermo Fisher Scientific) was used to get the standard calibration plot by measuring the zinc ion concentration. Flat zinc, superhydrophilic nanostructured ZnO, superhydrophobic nanostructured ZnO (SA coated), and superhydrophobic nanostructured ZnO (FAS coated) samples of size 1 cm^2^ were dipped in 10 mL PBS for 3 h. All the experiments were performed in triplicates. In addition, we used only PBS solution as control. After dipping the samples for 3 h in PBS, the samples were taken out. Then, the solutions were diluted 1000× with 2% HNO~3~. Finally, the concentrations of Zn^2+^ ions in all the samples were measured based on the standard calibration plot.

3. Results and Discussion {#sec3}
=========================

3.1. Fabrication Strategy {#sec3.1}
-------------------------

Three types of samples---one superhydrophilic and two superhydrophobic---were prepared with the protocol, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The superhydrophilic sample was composed of nonfunctionalized ZnO nanostructures, obtained in a single fabrication step involving immersion of the zinc substrate in hot water, and maintained at a constant temperature of 95 ± 2 °C, up to 24 h. Similar structuring of various metals using hot water baths has already been shown in the literature.^[@ref28],[@ref35]^

![Sketch depicting the fabrication strategies for nanostructuring and hydrophobization used in this work. The Zn substrate is nanostructured with ZnO in hot water for several hours. As a second step, either a fluorine-free immersion process in ethanolic SA solution with an additional annealing step (green box) or a water-based spray coating process with a readily degradable FAS as the hydrophobization compound (purple box) can be adopted.](ie0c01998_0001){#fig1}

The superhydrophobic samples required a second fabrication step, for hydrophobization. Superhydrophobicity was achieved by following two chemical modification approaches. The first approach involved a fluorine-free process, wherein the samples were immersed in a low concentration ethanolic SA solution. SA is known to produce a chemical bond with ZnO.^[@ref46],[@ref47]^ Following the immersion process, an annealing step was performed to achieve a conformal hydrophobic coating over the underlying ZnO nanostructures. The second hydrophobization approach was entirely water-based, where a water-dispersed, readily biodegradable FAS was sprayed on a hot nanostructured zinc substrate, so that the aerosol droplets coming from the sprayed solution evaporated instantly and the FAS was deposited again uniformly atop the ZnO nanostructures. Such waterborne organosilanes have been used on a variety of substrates for hydrophobization and corrosion protection.^[@ref48],[@ref49]^

3.2. Surface Morphology {#sec3.2}
-----------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the evolution of ZnO nanostructures, starting from an as-received surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), as a function of the immersion time in hot water (95 °C).^[@ref35],[@ref50]^ The resulting fast adsorption and breakup of the polar water molecule on the zinc surface accelerates the kinetics of oxidation to form ZnO nanocrystals that serve as a seed for further growth through Zn ion diffusion ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). During the initial stage, ZnO nanowire growth occurs because of the preferential diffusion of Zn ions to the tips of the ZnO nanostructures. The ZnO nanocrystals self-arrange in a hexagonal structure. This is because polar faces with surface dipoles (Zn^2+^ or O~2~^--^) are thermodynamically less stable than nonpolar faces and tend to minimize their surface energy by undergoing rearrangement.^[@ref51]^ This results in the growth of ZnO nanorods with hexagonal tips, which eventually reach a specific size as observed in the time sequences in SEM, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c--e. When the ZnO nanowires become too long for Zn ion diffusion to efficiently reach their tips, the formation mechanism changes. At this stage, the dissolution of ZnO results in the formation of hydroxide and Zn(OH)^+^ at the surface of the specimens. This ionic hydroxide layer is then subsequently dissolved into the hot water bath as the surface of the oxide continues to be hydrolyzed.^[@ref52]^ Next, the solution near the surface eventually becomes supersaturated, and the dissolved hydroxide is redeposited onto the surface, to form ZnO. This phenomenon is observed after a prolonged hot water treatment time (typically around 24 h) when the redeposition of ZnO onto the surface results in coarse nanorod formation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f).

![SEM pictures of ZnO nanostructures for increasing time of immersion in the hot water bath process. Starting from an as-received substrate (a), the steps involve the initial growth step of the ZnO nanorods (b), the shape evolution (d,e) into hexagonal nanorods, and the final step of redeposition of ZnO species that enlarges and roughens the existing nanostructures (f).](ie0c01998_0002){#fig2}

3.3. Surface Properties {#sec3.3}
-----------------------

The wetting properties of the as-received and two superhydrophobic samples are shown in the graph of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The reference Zn sample exhibited an advancing contact angle (ACA) of 83° and CAH of 69°. After boiling, the nanostructured ZnO sample was found to be superhydrophilic, so that contact angles could not be measured as they were approaching the value of 0°. Regarding the two superhydrophobic surface treatments, the concentrations of FAS and SA in their respective solutions were optimized to maximize ACA and minimize CAH, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The optimal concentrations for SA and FAS resulted in ACA of 160° and CAH of 5° for the case of SA and ACA of 158° and CAH of 3° for the FAS. While concentrations lower than optimal resulted in only partial hydrophobization, higher than optimal concentrations (0.38 g/L SA in ethanol and 1 wt % FAS in water) caused filling of the air voids between the nanostructures, thus flattening the surface. Therefore, surfaces with such concentrations resulted in higher CAH, while still maintaining high ACAs (above 150°). Such behavior of high ACAs accompanied with higher CAH has also been shown in the literature.^[@ref53]^ Examples of surface morphologies after using higher than the optimal concentrations are given in the SEM micrographs of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b (SA) and [3](#fig3){ref-type="fig"}c (FAS). [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf) shows the SEM images with the optimal concentrations on SA and FAS, which look very similar to the ones on [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} which do not have any coating. The only evidence for the coating presence are the wettability measurements and the elemental analysis that we will describe later on. This confirms that with these concentrations, we achieve surface hydrophobization without altering the surface geometry.

![(a) ACA, RCA, and CAH of the different samples under consideration. Low, optimal, and high concentrations for SA are 0.1, 0.38, and 1.4 g/L respectively, while for the FAS, 0.5, 1, and 5 wt %. Insets show water drops during the ACA and RCA measurements of the reference (untreated Zn with native ZnO) sample and the two superhydrophobic treatments with the optimal concentrations. (b) SEM micrograph of a high concentration; SA-coated sample of ZnO nanostructures shows that part of the coating fills the air voids within the nanostructures, thus increasing the water adhesion. (c) Similarly, the SEM micrograph for the FAS-coated sample shows that the ZnO nanostructure morphology is significantly flattened for higher FAS concentration.](ie0c01998_0003){#fig3}

To further demonstrate the exceptional superhydrophobic properties of the hydrophobized nanostructures, self-cleaning and condensation experiments were also performed. Self-cleaning experiments were performed by spreading powder on the superhydrophobic surfaces and allowing water drops to roll-off the surfaces while collecting the powder. The contaminant powder was easily removed by the rolling drops, indicating weak adherence of the powder to the surface. [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_002.avi) shows a superhydrophobic-nanostructured ZnO sample coated with SA, but similar results were also obtained with the FAS coating. Materials showing such self-cleaning behavior are known to also exhibit reduced bacterial adhesion.^[@ref11]^ This is the so-called "antifouling" approach, which is considerably different from the "bactericidal" surface concept, as explained earlier.^[@ref54]^

We also investigated the hydrophobicity of the samples toward small droplets through *in situ* condensation experiments in environmental SEM.^[@ref55]^ The samples demonstrated dropwise condensation, indicating conformal hydrophobization of the nanostructures. It is important to mention here that several superhydrophobic surfaces exhibit hydrophobicity deterioration at small droplet scales, a characteristic example being the Lotus leaf.^[@ref56],[@ref57]^ Please refer to [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf) Section S1, Figure S2, and [Videos S2](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_003.avi)--[S4](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_005.avi) for further details on condensation experiments.

Furthermore, we confirmed the surface chemistry of the fabricated samples using energy-dispersive X-ray spectroscopy (EDX). EDX analysis showed increasing concentration of oxygen on the surface with increase in immersion time, thus confirming the nanostructures to be composed of ZnO. The surface elemental maps obtained through EDX analysis confirmed the chemical homogeneity of the surface. Please refer to [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf), Sections S2 and S3, and Figures S3--S6 for further details on EDX analysis and elemental map.

3.4. Antibacterial Performance {#sec3.4}
------------------------------

The antibacterial activity of the aforementioned samples was evaluated using the classical colony counting method.^[@ref45]^ After each time point of incubating bacteria with the surfaces, bacterial cultures suspended in 0.9% NaCl saline solution were collected from the top of the test samples and the supernatant was plated separately to enumerate the live bacteria (see the [Materials and Methods](#sec2){ref-type="other"} section for details). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the number of viable cells on the test substrates and in the respective supernatant of the samples. After incubation for 3 h, considerable number of viable bacteria was found on the silicon substrate, which was taken as a control in our experiment. In contrast, no viable bacterium was found on top of the flat zinc, superhydrophilic ZnO, and superhydrophobic (SA-coated)-nanostructured ZnO surfaces. However, the overall antibacterial performance of the three surfaces arises from multiple mechanisms.

![(a) Cell viability of *E. coli* on top of the test substrates and in the supernatant at 0 and 3 h incubation time. "△" Symbol implies that no viable bacterial colony was found. Statistical significance was performed using Student's *t*-test \[\*\*\*\**P* ≤ 0.0001\]. (b) Illustration of the different surface--bacteria interactions on flat Zn substrates, nanostructured superhydrophilic ZnO surfaces, and nanostructured hydrophobized ZnO surfaces. (c) Morphology of *E. coli* on (i) glass coverslip, (ii) flat zinc, and (iii) nanostructured ZnO superhydrophilic surface. (d) Quantification of ROS generated from all the test substrates in the dark using DHR 123 dye.](ie0c01998_0004){#fig4}

As discussed earlier, Zn and ZnO are known to exhibit antibacterial properties.^[@ref23],[@ref24],[@ref58],[@ref59]^ when microbes come in contact to their surface. This is because of the release of zinc ions (Zn^2+^), as shown schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b(i,ii) (refer [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf), Section S6, for zinc ion concentration measurements). Additionally, in the case of superhydrophilic ZnO, the sharp edges of the ZnO nanostructures are able to cause puncturing of the cell walls, thus presenting an additional mechanical killing mechanism,^[@ref19]^ as illustrated schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b(ii). Bactericidal action because of zinc ions and nanostructures is further elucidated by the *in situ* SEM micrographs of bacteria on three surfaces---glass coverslip as the control sample, flat zinc surface, and nanostructured ZnO superhydrophilic surface---as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c. On the coverslip, the rod shape of *E. coli* was intact, and the bacterial cells appeared healthy without any damage to the cell wall \[[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c(i)\]. In contrast, the shape of the bacterial cell walls on flat zinc samples was distorted from rod shape and cell walls were rougher \[[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c(ii)\] implying reduced integrity of the cell wall. This is because of the electrostatic interaction of the released zinc ions^[@ref60]^ with the cell wall at the vicinity of the flat zinc surface. While this weakening effect of zinc ions is retained and even enhanced on the nanostructured ZnO superhydrophilic surface, the sharp nanostructures also cause *E. coli* cells to be deformed. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c(iii), the bacteria try to stretch themselves to enhance their surface area in order to settle on the nanostructures. Additionally, poking of the nanostructures into the cell walls is observed. The combined effect of stretching and poking leads to the leakage of the intracellular constituents which causes the death of the bacteria on the surface.^[@ref61]^

The reason that also no viable bacteria were found on the superhydrophobic nanostructured ZnO surface is attributed to the existence of an air plastron layer, as shown schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b(iii), which provides a cushioning effect preventing the bacteria from adhering to the surface.^[@ref62],[@ref63]^ This is further supported by the fact that no bacteria are found in SEM micrographs taken at multiple locations on the superhydrophobic samples \[nanostructured ZnO coated with SA ([Figure S7a](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf)) and nanostructured ZnO coated with FAS ([Figure S7b](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf))\], which makes the antiadhesion mechanism the only possibility; otherwise, bacterial traces would have been found.^[@ref64]^

Although flat zinc, superhydrophilic ZnO, and superhydrophobic ZnO surfaces exhibited similar antibacterial performance on top of the surface, the antibacterial efficacy of these substrates to the challenging task of eliminating remote bacteria, that is, bacteria in the supernatant away from the antibacterial surface, was found to be significantly different. Remote live bacteria can further undergo binary fission to increase their colonies. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, in our tests, a considerable number of bacteria was found in the supernatant of silicon, Flat zinc, and nanostructured superhydrophobic ZnO surfaces also showed limited effectiveness in eliminating remote bacteria. Interestingly, however, a significantly smaller (after performing Student's *t*-test) number of bacteria was found in the supernatant of the nanostructured superhydrophilic ZnO surface. We attribute this to the ROS generated from the superhydrophilic ZnO surface. ROS such as the hydroxyl radical, singlet oxygen, and superoxide are strong oxidants and can disinfect pathogens by damaging essential macromolecules.^[@ref65],[@ref66]^ Most important advantage of ZnO is that it can generate ROS yielding antibacterial action also in the dark,^[@ref67]−[@ref69]^ which makes it superior to substrates which require light to generate ROS^[@ref43],[@ref70]^ (note that presence of light will also further enhance the ROS generation from ZnO). Atmospheric oxygen can interact with an electron of the ZnO surface forming a superoxide radical (^•^O~2~^--^). This superoxide reacts with the water molecule to form the hydroperoxyl radical (^•^HO~2~), and hydroperoxyl radicals combine with each other to form hydrogen peroxide (H~2~O~2~). Further, H~2~O~2~ might react with the superoxide radical to form the hydroxyl ion (OH^--^) and hydroxyl radical (^•^OH). This is how ZnO generates ROS under dark condition.

To validate the remote bactericidal effect, the ROS generated from each substrate in dark condition was quantified through fluorescence tests. The corresponding fluorescence data of the blank well, flat zinc sample, nanostructured ZnO samples, nanostructured ZnO coated with SA, and nanostructured ZnO coated with FAS were compared, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. DHR 123 is an uncharged and nonfluorescent ROS indicator. In the presence of ROS, it becomes oxidized to cationic rhodamine 123, which exhibits green fluorescence. Hence, a higher amount of fluorescence implies a higher amount of generated ROS.^[@ref71]^ The nanostructured superhydrophilic ZnO surface produced the highest amount of ROS, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. For the flat zinc surface, ROS generation is lower because of a much smaller surface area available in comparison to nanostructured superhydrophilic ZnO surface. In the case of superhydrophobic surfaces, the two superhydrophobic coatings over the ZnO nanostructures act as barrier layers for the ROS generation. Although we report ROS generation up to 24 h, the results are likely to become even more contrasting for longer duration of exposure of bacterial culture to these surfaces, as the generation of ROS increases with time. In summary, the nanostructured superhydrophilic ZnO surface kills the bacteria present on top of the surface, through release of zinc ions and mechanical poking, as well as remote bacteria in the supernatant through ROS generation, even in complete absence of illumination.

3.5. Water Disinfection {#sec3.5}
-----------------------

Finally, we employed nanostructured ZnO superhydrophilic surfaces, which exhibited the highest efficacy in inactivating Gram-negative *E. coli*, for water disinfection. For this experiment, 5 mL of distilled (DI) water was placed in each Falcon centrifuge tube and the nanostructured ZnO superhydrophilic samples (grown for 24 h) were placed inside these tubes; 0.5 mL of bacterial suspension in PBS with a concentration of 10^5^ CFU/mL was added to each tube containing 5 mL of DI water for both cases, with and without the sample ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The centrifuge tubes containing bacteria and DI water with ZnO samples were incubated under static and shaking conditions (160 rpm, 37 °C) to see the effect of mechanical agitation on the antibacterial performance of the ZnO samples. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b shows the water disinfection efficacy of the nanostructured ZnO superhydrophilic samples under static and shaking conditions. The results were compared with the control centrifuge tubes without ZnO samples. In dark conditions, the nanostructured ZnO surface exhibited efficient water disinfection behavior under both static and shaking conditions. After 3 h of incubation, we observed three orders of magnitude reduction under static conditions and four orders of magnitude reduction under shaking conditions of the bacterial colonies compared to the control. The efficient water disinfection behavior of the nanostructured ZnO surface is attributed to the ROS generated from the surface ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). We also measured the Zn^2+^ ion concentration in the PBS medium released from the bare nanostructured ZnO surface. Inductively couple plasma mass spectroscopy (ICP--MS) was used to measure the Zn^2+^ ion concentration (see the [Materials and Methods](#sec2){ref-type="other"} section for details). The Zn^2+^ ion concentration was found to be 0.73 ± 0.15 ppm which is way below the health limit stated by the World Health Organization (WHO) for safe drinking water (5--6 ppm).^[@ref72]^ The same applies also for the rest of the samples (see Section S6 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf)). Hence, the water after disinfection is safe to drink. In this water disinfection method, we propose that the inactivation of bacteria by ROS is the dominant mechanism as the concentration of the Zn^2+^ ions is lower than the minimum inhibitory concentration required to kill bacteria.^[@ref21],[@ref73],[@ref74]^ Bare nanostructured ZnO surface can be potentially utilized to efficiently disinfect water contaminated with different kinds of microbes in remote and developing areas of the world, where other effective means of water disinfection are not available. The uniqueness of this approach lies in its ability to generate ROS even at dark conditions (a main limitation of the popular SODIS method^[@ref41]^) combined with the facile surface fabrication based on a fully environmentally benign process. This implies that our approach can be used to continuously disinfect drinking water without any stoppages during cloudy weather or during night, thus marking a significant advance over the state of the art.

![(a) Water disinfection experiment with the nanostructured ZnO surface against Gram-negative *E. coli*. (b) CFU of *E. coli* with and without the nanostructured ZnO surface under static and shaking conditions.](ie0c01998_0005){#fig5}

4. Conclusions {#sec4}
==============

We have demonstrated a two-pronged, ZnO-based, facile, and environmentally benign approach for achieving controlled antibacterial action, inhibiting bacterial contamination on surfaces and/or disinfecting contaminated water. The resulting surfaces are characterized for wettability, topology of surface texture, and chemical homogeneity. We have shown that the superhydrophobic ZnO substrates exhibit significant self-cleaning properties and thus have the ability toward minimal bacterial adhesion and, hence, inhibition of surface bacterial contamination. We have also shown that the bare nanostructured ZnO exhibit excellent bactericidal action, killing bacteria both in contact and remotely and most importantly without requiring any illumination. The possibility of controlling the antibacterial behavior together with the upscaling capability and the absence of strong acids, as well as flammable and toxic liquids in the "green" material preparation protocols, render this approach attractive for use in a host of related applications.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.iecr.0c01998](https://pubs.acs.org/doi/10.1021/acs.iecr.0c01998?goto=supporting-info).SEM images of the hydrophobic samples with optimal concentration, environmental SEM condensation images on nanostructured samples with and without hydrophobization, graphic obtained with EDX analysis, showing the elemental composition of a reference zinc sample, graphic obtained with EDX analysis, showing the elemental composition of a nanostructured ZnO sample, graphic obtained with EDX analysis, showing the elemental composition of a nanostructured ZnO sample coated with 1 wt % FAS solution, elemental map of the carbon, fluorine, oxygen, and zinc on the surface of a nanostructured sample, coated with 1 wt % FAS solution, SEM images of superhydrophobic samples after incubation, and Zn ion concentration for all samples ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_001.pdf))Video of the self-cleaning experiment ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_002.avi))Condensation on the reference untreated sample ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_003.avi))Condensation on the superhydrophobic nanostructured sample coated with SA ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_004.avi))Condensation on the superhydrophobic nanostructured sample coated with FAS ([AVI](http://pubs.acs.org/doi/suppl/10.1021/acs.iecr.0c01998/suppl_file/ie0c01998_si_005.avi))
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FAS

:   fluoroalkylsilane

SA

:   stearic acid

HAI

:   healthcare associated infection

ROS

:   reactive oxygen species

SODIS

:   solar water disinfection

ACA

:   advancing contact angle

CAH

:   contact angle hysteresis

RCA

:   receding contact angle

ESEM

:   environmental scanning electron microscope

EDX

:   energy-dispersive X-ray spectroscopy

CFU

:   colony forming units

DHR

:   dihydrorhodamine

PBS

:   phosphate-buffered saline
